Introduction
Haemophilia A is a congenital, X-chromosome-linked bleeding disorder resulting from a deficiency in coagulation factor VIII (FVIII). In patients with severe haemophilia, joint destruction following recurrent haemarthroses is a major disease-associated morbidity [1] . Prevention of joint damage is a primary goal of FVIII replacement therapy that can be administered on demand to stop bleedings or prophylactically to prevent them. Compared with patients treated on demand, those receiving FVIII prophylaxis have reduced bleeding frequency, rarely develop chronic arthropathy and have improved quality of life (QoL) [2] [3] [4] [5] [6] [7] . Thus, prophylaxis is generally recommended as the ideal treatment for severe haemophilia A [8] [9] [10] [11] . Preservation of joint integrity is most evident in patients receiving primary prophylaxis [5] , generally defined as continuous prophylactic treatment initiated before the onset of joint damage (before age 2 years or after the first joint bleed) [12] . However, patients receiving secondary prophylaxis (initiated after several joint bleeds have occurred) also have less joint deterioration than those treated on demand [13] .
Magnetic resonance imaging (MRI) is a sensitive technology for early detection of joint damage in patients with haemophilia; unlike methods such as radiography, MRI can detect early joint degeneration and changes in cartilage and synovium [14] [15] [16] . Several studies have shown the value of MRI in assessing haemophilic arthropathy [2, [14] [15] [16] [17] [18] [19] [20] [21] ; one randomized controlled trial used MRI to evaluate outcomes of haemophilia prophylaxis [2] . Although previous data showed that MRI scores are significantly correlated with joint bleeds and clinical joint scores [18] , a more recent study found only a weak correlation of MRI scores with clinical function and no correlation with bleeding incidence [22] .
The primary objective of this investigation, using a cross-sectional design with an MRI diagnostic component, was to evaluate bone and cartilage damage in ankles and knees in patients with severe haemophilia A relative to their previous treatment schedule (primary or secondary prophylaxis starting at different ages vs. on-demand therapy).
Methods

Study design
This cross-sectional, multinational, epidemiologic, interventional investigation (ClinicalTrials.gov ID: NCT00927667) was conducted in 15 centres in Europe from June 2009 to December 2010.
Data were collected in patient files. Patients were assigned to 1 of 5 groups according to age at FVIII therapy initiation: group 1 used primary prophylaxis (initiated at <2 years after ≤1 joint bleed); group 2 initiated secondary prophylaxis between ages 2 and <6 years; group 3 initiated secondary prophylaxis between ages 6 and <12 years; group 4 initiated secondary prophylaxis between ages 12 and 18 years; group 5 used only on-demand treatment). The study occurred before publication of the updated World Federation of Hemophilia definitions for primary and secondary prophylaxis [11] . Following an enrolment visit, each patient underwent MRI evaluation of four index joints (two ankles, two knees).
Patients
Male patients aged 12-35 years with severe haemophilia A (FVIII:C < 1%), complete documented history of bleeds and treatments (for ≥5 years for on-demand patients), and no history of FVIII inhibitors were eligible. Prophylaxis patients (groups 1 through 4) must have received ≥2 prophylactic infusions/week (for 45 weeks per year for ≥10 years) without relevant interruption (e.g. gaps in documentation of infusions). Patients who had a history of only on-demand treatment and no prophylaxis for >8 consecutive months were eligible for inclusion in the on-demand group. Patients in the on-demand group must have had >12 bleeds/year during the previous 5 years to ensure that a low bleeding frequency was not the primary reason why these patients did not start prophylaxis.
Exclusion criteria included any other bleeding disorder; contraindication to high magnetic exposure; synovectomy within the past 6 months or planned during the study; and previous replacement of knee or ankle joints. Patients for whom the most clinically severe joint was not one of the four index joints (ankles, knees) were also excluded.
The protocol was approved by each investigational site's independent ethics committee or institutional review board and written informed consent was obtained from all patients (or parents/legal representatives for patients aged <18 years).
Imaging and image evaluation
At all centres, MRI of knees and ankles was conducted using a 1.5T magnet and a uniform protocol comprising coronal and sagittal T2* gradient echo sequences as well as a sagittal turbo spin-echo protondensity fat-suppressed sequence. Maximum slice thickness was 4 mm. Other main parameter settings were TR 300-700 ms, TE 18-20 ms, flip angle 20-40°for the gradient echo images and TR >1000 ms with minimum TE for the spin-echo images. Joint MR images were read by three independent experienced radiologists blinded to patient identity and clinical data. Each radiologist used a comprehensive scoring sheet that included all items of the Compatible Additive (Table 1) and Compatible Progressive MRI scales [23] , and the International Prophylaxis Study Group (IPSG) MRI scale [24] , but only results from the Compatible Additive MRI score were used for the primary analysis. Final scores were derived from median values reported by the radiologists.
Efficacy assessments
The primary efficacy variable was the maximum ankle Compatible Additive MRI score (maximum value, 20 points; Table 1 ) [23] . The primary endpoint was assessed in ankles because they are the most frequently affected joints in patients with haemophilia A in previous studies [2, 25] . Patients were grouped by current age (12À16, 17À21, 22À26 and 27À35 years). The primary group comparison comprised patients currently aged 27-35 years who were receiving secondary prophylaxis initiated at age 6-18 years (groups 3 and 4) vs. those using on-demand therapy (group 5). Secondary efficacy variables included clinical joint evaluation using Gilbert score (physical examination joint score [with and without pain and bleeding scores] for the mean of index joints), annualized number of joint bleeds (all joints and index joints) for the last 5 years, and maximum index joint Compatible Additive MRI scores.
Other assessments
The McGill pain questionnaire, QoL using the Haemo-QoL and Haemo-QoL-A, and correlation between Compatible Additive MRI and Gilbert scores were also assessed.
Safety assessments
Adverse events (AEs) during the study and those related to MRI procedures were assessed. AEs were coded according to the Medical Dictionary for Regulatory Activities, version 13.1.
Data analysis
Continuous data were summarized using descriptive statistics. Categorical data were summarized using the frequency and percentage of patients in each of the age/ analysis groups. Correlations were assessed with Spearman rank correlation coefficients. The primary efficacy evaluation was in the per-protocol (PP) population (all patients without major protocol deviations); the intentto-treat (ITT) population included all patients entered into the study. Between-group differences and P values were not planned or calculated for these studies, and no post hoc statistical analyses were performed.
Results
Patient characteristics
In total, 129 patients (ITT population) underwent MRI examinations; the PP population comprised 118 patients ( Table 2 ). Eleven patients were excluded from the PP population due to the following major protocol violations: most clinically severe joint was not 1 of the 4 index joints analysed (n = 6 patients), history of only 4 years of prophylaxis (n = 2), previous joint replacement (n = 1) and high Gilbert scores with no pathologic findings by MRI (n = 2). All results presented are in the PP population.
Efficacy
Compatible additive MRI score. In the primary group comparison [patients currently aged 27À35 years: secondary prophylaxis started at age 6À18 years (n = 17) vs. on-demand treatment (n = 12), the median maximum ankle MRI score was 16.5 (range, 0À20) with secondary prophylaxis and 18.0 (range, 2À19) with on-demand treatment, indicating a slight nominal trend towards worse affected ankle condition among patients treated on demand. Differences were more pronounced when medians of the mean index joint scores were compared [secondary prophylaxis, 7.5 (range, 0À10.5); on demand, 13.8 (range, 0.5À19.5)].
MRI scores for maximum ankle as well as the mean of all 4 index joints for each group and age subgroup are listed in Table 3 . Patients in the prophylaxis groups generally had lower median scores than patients treated on demand. The magnitude of differences was largest in groups 1 (primary prophylaxis) and 2 (secondary prophylaxis started at age 2À6 years) vs. group 5 (ondemand treatment) ( Table 3) . Most patients on primary prophylaxis (group 1) and ≤50% of patients in group 2 had an MRI score of zero (indicating a lack of pathologic joint status) for both ankles and for all 4 index joints; markedly fewer patients had no joint damage when secondary prophylaxis was started at age 6-18 years (groups 3 and 4; Table 4 ). Minimal differences were seen between patients who started secondary prophylaxis at ≥12 years of age (group 4) and patients treated on demand (group 5; Table 4 ). Only 1 patient (in group 1, current age 17-21 years) had an abnormal knee MRI score when both ankles were normal. The results were comparable using the Compatible Progressive and IPSG MRI scores (data not shown).
Annualized joint bleeds. The median annualized number of index joint bleeds was ≤2.5 in all prophylaxis groups; most patients receiving primary prophylaxis experienced <1 index joint bleed in the previous 5 years (Fig. 1) . The frequencies of bleeds into index joints and into all joints were similar in all prophylaxis and current age groups, although rates were slightly higher in the groups with later secondary prophylaxis initiation (groups 3 and 4; Table 5 ).
Consistent with the inclusion criterion of approximately 12 bleeds per year in the previous 5 years, no patients in the on-demand group (group 5) had 0 index joint bleeds during this time period (0/23 patients [0%]). Overall, the median number of bleeds into all joints during the previous 5 years was ≤4.1 per year in all prophylaxis groups and ≤14.3 per year in patients treated on demand (Table 5) .
Gilbert score. Similar to the Compatible Additive MRI scores, Gilbert scores of index joints were more severe with increasing age and time of prophylaxis start ( Table 6 ). The only exception was in group 3 patients currently aged 27-35 years (n = 3) for whom the physical examination joint score was comparable to the corresponding subgroup of group 5 (n = 12). There was no correlation between the MRI and Gilbert scores in groups 1 and 4 (Spearman correlation coefficients, 0.2 > r > À0.2); but correlations between MRI and Gilbert scores were observed in groups 2, 3 and 5 (r = 0.547, 0.438 and 0.618, respectively). Quality of life. Although there was large variability in pain scores for each group, pain scores for patients currently aged 22-35 years (groups 4 and 5) were higher (indicating more severe pain) than for those in other age groups; patients currently aged ≥22 years had increased pain scores with on-demand therapy and secondary prophylaxis compared with primary prophylaxis (Table 7) . Impairment in haemophilia-related QoL was relatively low in all groups (Table 7) . In patients aged ≥22 years, those treated with late secondary prophylaxis (group 4) or on demand (group 5) had more impairment than patients in the other prophylaxis groups; this difference mirrored the results for the physical functioning subscore, which is assessed using the physical functioning domain of the Haemo-QoL-A questionnaire (Fig. 2) .
Safety
One AE (nasopharyngitis), unrelated to study procedures, was reported in this investigation.
Discussion
This epidemiologic investigation using MRI scoring demonstrates the benefit of FVIII prophylaxis, even secondary prophylaxis initiated at age >6 years, over on-demand therapy for prevention of joint damage in patients with severe haemophilia A. The results are Table 7 . Quality-of-life parameters.
Parameter and age at prophylaxis start, years Current age, years
Pain total score <2 (primary), n 2 7 9 4 Median (range) consistent with the clinical studies showing improved QoL and decreased joint damage and bleeding incidence with prophylaxis in general [2, [26] [27] [28] , as well as with reports on benefits over on-demand treatment for secondary prophylaxis initiated later in childhood, adolescence or adulthood [4, 7, 29, 30] . Several MRI scales are described in the literature [23] , but there is no international consensus on a single scale. When our study was designed, the IPSG MRI scale [24] was not yet validated. Therefore, we used a comprehensive score sheet and scores according to the Compatible Additive MRI scale as the principal predefined MRI assessment. The primary group comparison in this investigation, Compatible Additive MRI scores for the maximally affected ankle in patients currently aged 27 -35 years receiving secondary prophylaxis initiated at age 6-18 years vs. on-demand therapy, revealed a trend in favour of prophylaxis. Comparisons of all prophylaxis groups with the on-demand group showed that maximum ankle Compatible Additive MRI scores were lower in patients on prophylaxis and were particularly low in those who started prophylaxis at a younger age. Analyses based on other MRI scales revealed similar results (data not shown).
Performing MRIs of multiple joints is time consuming, cumbersome (strenuous to patients because they must remain strictly stationary in the magnet during the lengthy image acquisition), and therefore difficult to conduct with preserved high image quality, which presently is a hindrance to widespread and systematic use of this diagnostic modality in haemophilia care. To make the procedure more practical, we restricted the number of investigated index joints per patient to 4 (knees and ankles) rather than the 6 (knees, ankles and elbows) used conventionally for radiographic joint scoring in patients with haemophilia. In our study, higher MRI scores for the maximally affected ankle compared with the mean index joint in all patient subgroups and the scarcity of pathologic findings in knees of patients with normal ankles indicate that in most patients, the ankle is the lead target joint of haemophilic arthropathy. These results are consistent with previous reports showing more haemarthroses and worse joint scores for ankles compared with knees or elbows in patients with haemophilia treated with prophylaxis or on demand [2, 22, 25, 31, 32] . Based on our and other authors' results, we suggest that ankles should be the joints of primary interest for monitoring treatment using MRI. Investigation of fewer joints is simpler, and if future experiences show that investigation of only 4 joints, or even only the ankles, can provide information relevant for clinical decision making, it may have implications for haemophilia care.
Assessment of joint bleeds also reflected the protective effect of prophylaxis. Regardless of when prophylaxis was initiated, annual bleeding rates were lower compared with on-demand treatment. A small number of index joint bleeds (<1 over 5 years or ≤0.2 bleeds per year over 5 years) occurred during primary prophylaxis, suggesting that joint bleeding is not completely avoidable. These data are consistent with results from a randomized prospective trial which showed a median of 0.2 annual joint haemorrhages in boys with haemophilia A treated with primary prophylaxis [2] . All prophylaxis groups in our study had fewer joint bleeds and lower MRI scores than the on-demand groups, suggesting that progression of joint damage may be decelerated by secondary as well as primary prophylaxis.
Among the PP population, clinical joint evaluation using the Gilbert score showed trends similar to MRI scoring: decreased joint status was associated with increasing age and later start of prophylaxis, whereas improved joint status occurred with prophylaxis vs. on-demand treatment. However, although the Gilbert subscores for pain and bleedings were excluded because of possibly confounding effects, no clear correlations were observed between Gilbert and Compatible Additive MRI scores, consistent with the fact that clinical scores are less sensitive than MRI scores in detecting early joint damage.
Magnetic resonance imaging is established as the technology of choice for joint status assessment in patients with haemophilia. In previous studies, MRI was a useful diagnostic tool for detecting early joint damage; it showed efficacy superior to physical examination, computed tomography and x-ray scanning and was particularly efficient at detecting early joint arthropathy [2, [14] [15] [16] 18, 21] . However, although data indicate that MRI can detect early damage in clinically asymptomatic joints [17] , a report assessing baseline joint status in patients enrolled in a prospective study questioned the value of MRI in predicting meaningful joint deterioration in patients with haemophilia and called for further research [22] . Our study suggests that MRI scores do show relevant joint changes because MRI scoring trends with respect to patient age and treatment regimen were similar to trends for bleeding rates, clinical joint data and QoL.
The benefit of later prophylaxis (i.e. secondary prophylaxis initiated at age 6 to <12 and 12À18 years) could possibly be extrapolated to outcomes of prophylaxis initiation in older adults. Indeed, several retrospective and prospective clinical trials have reported benefits of secondary prophylaxis started in older teens or adults compared with on-demand therapy [27, 28, [33] [34] [35] [36] .
This investigation used a cross-sectional rather than a longitudinal design with multiple patient arms combined with an MRI diagnostic component, which to our knowledge is an approach not previously applied in haemophilia research. We recognize the benefits of longitudinal studies and their value for confirming cause-and-effect relationships. However, changes in joint status require long-term monitoring (over several years or decades), which makes longitudinal studies more time consuming and costly than cross-sectional studies. Our results demonstrate that a cross-sectional study can be an alternative tool for collecting valuable information about prophylaxis in patients with haemophilia.
A study limitation was that target sample sizes were not met for several patient subgroups; therefore, some subgroup sizes were small (n < 5), and only descriptive statistical tests were performed. Only frequent bleeders (>12 bleeds per year) were included in the on-demand group to avoid clinical variability within this group and also to ensure that a low bleeding frequency was not the primary reason why these patients did not start prophylaxis. The difficulty encountered with enrolling patients who initiated prophylaxis at age ≥6 years and those in the on-demand subgroups currently aged 12-21 years suggests that prophylaxis is the current standard of care for young patients with haemophilia in Europe.
Conclusion
Pathologic joint status can be assessed using MRI scoring in patients with severe haemophilia A, with the ankle suggested to be the leading joint. Observed MRI scores depended on patient age (age at initiation of FVIII prophylaxis and current age) and therapy regimen (prophylaxis or on-demand therapy). Prophylaxis, in general, is beneficial vs. on-demand treatment in maintaining joint health over time, with primary prophylaxis being more beneficial than secondary prophylaxis.
